In this study, the Reynolds-averaged Navier-Stokes (RANS) method and a model experimental test in a towing tank are used to investigate the unsteady hydrodynamic performance of L-type podded propulsion under different oblique flow angles and advance coefficients. The results show that the load of the operative propeller increases with oblique flow angle and the bracket adds resistance to the pod due to the impact of water flow, leading to a reduced propeller thrust coefficient with increased oblique flow angle. Under a high advance coefficient, the speed of increase of the pressure effect is higher than that of the viscosity effect, and the propeller efficiency increases with the oblique flow angle. The nonuniformity of the inflow results in varying degrees of asymmetry in the horizontal and vertical distributions of the propeller blade pressure. Under high oblique flow angle, relatively strong interference effects are seen between venting vortexes and the cabin after blades, leading to a disorderly venting vortex system after the blade. The numerical simulation results are in good agreement with the experimental values. The study findings provide a foundation for further research on L-type podded propulsors.
Introduction
Podded propulsion can be used to both propel and manipulate a ship, including rotating it horizontally by 360 • . Compared to traditional propeller propulsion systems with a rudder, a podded propulsion system can operate beyond the design point during rotation and manipulation. Unlike in normal navigational states, the thrust and torque of podded propulsion and the propeller power will change at different deflection angles. Therefore, studies have been increasingly focusing on the hydrodynamic performance under such extreme operating conditions that were not considered during this design [1] .
In recent years, viscous flow calculations have been widely used due to improvements in computing capabilities [2, 3] . Researchers prefer the viscous flow method because it offers a more complete physical concept than the potential flow method. Chicherin et al. [4] conducted a preliminary analysis of scale-affected podded propulsors using Reynolds-averaged Navier-Stokes (RANS) equation and investigated the influences of different advance coefficients and Reynolds numbers on pods and struts; their results suggested that the scale factor was a more effective predictor of the resistance performance of propulsors than the shape factor. Ohashi et al. [5] studied the performance of a contrarotating podded propulsor with fore and aft propellers using RANS equations. They treated a propulsor pod unit with a detached propeller as a stern appendage; a comparison between calculated and test results showed that their method improved the calculation accuracy of ship resistance but worsened the prediction accuracy of the wake fraction and calculation accuracy of thrust deduction.
Liu et al. [6] studied the unsteady hydrodynamic performance of podded propulsion under various deflection conditions and analyzed the changes in the propeller thrust, torque and pod steering torque with deflection angles. Amini et al. [7] used the RANS method and potential flow method to numerically calculate the bearing forces of a podded propulsion system under different deflection angles. Guo et al. [8] applied computational fluid dynamics (CFD) software to conduct steady and unsteady computational analyses of the hydrodynamic performance of a puller podded propulsor under an oblique navigational state. Zhou et al. [9] adopted the multireference quasisteady model, mixed surface steady model, and sliding grid unsteady model to perform simulation analyses of the hydrodynamic performance of podded propulsion under both direct and oblique navigational states. Xiong et al. [10] used the sliding grid method in combination with RANS equations and the Re-Normalization Group (RNG) k-ε turbulence model to conduct numerical simulations of the hydrodynamic performance of podded propulsion under a deflection state. A comparison and analysis of the experimental and numerical results showed that the deviation between the calculated and experimental values increased with the deflection angle, especially for large deviations of the thrust of podded propulsion along the incoming flow, but the overall trend was the same.
Previous experimental studies have used MARIN and HSVA tank tests to investigate the hydrodynamic performance of podded propulsors, and preliminary testing procedures for podded propulsors in open-water conditions have been established [11] . Reichel [12] tested a pusher podded propulsor with a right-handed propeller in a towing tank and analyzed the propulsor thrust and torque at various azimuthing angles. The results showed that the fluctuation of the side force on the propulsor during azimuthing conditions at an angle of~15 • to the right was greater than that at other yaw angles. The hydrodynamic characteristics of podded propulsors at a specific angle with the inflow at different advance coefficients were compared, and the thrust and side forces in left-and right-handed azimuthing conditions were also compared. At larger yaw angles, interactions between the propeller and pod showed more significant effects on the thrust and side forces on the podded propulsor. Islam et al. [13] conducted experiments with puller and pusher podded propulsors to investigate the effects of the hub taper angle on inflow, thrust, and efficiency; influence of pod and strut configurations; cavitation performance; effect of hub gap; and hydrodynamic performance of podded propulsor under static azimuthing conditions. They also conducted a preliminary analysis of factors affecting the experimental accuracy and provided some experimental guidance for research on podded propulsors under different azimuthing conditions. Furthermore, Islam et al. [14] compared the hydrodynamic characteristics of puller podded propulsors in static and dynamic azimuthing conditions and found that results varied primarily with rotations of the propeller and turning of the unit under dynamic azimuthing conditions. They then fitted a 10th-order polynomial model to the experimental results, which was similar to the hydrodynamic curve obtained for static azimuthing conditions. Palm et al. [15] conducted an experimental test and a CFD simulation to investigate variations in the hydrodynamic performance of cycloidal and pusher podded propulsors for straight-ahead motion at various draft depths. They discovered that the pusher podded propulsor was influenced to a greater degree by the draft and that the thrust linearly decreased as the draft decreased, whereas only a portion of the cycloidal propeller blades were significantly affected by draft depth. However, they did not focus much attention on the torque or flow field, and neither did they further investigate the effect of draft depth on the two types of propulsors under steering conditions.
In this study, based on the RANS method, the unsteady hydrodynamic performance of L-type podded propulsion under different oblique flow angles and advance coefficients is compared and analyzed by using slide grid technology and adjusting the size and direction of incoming flow. The changes in the load on a single blade, propeller, and pod under different oblique flow angles and wake flow fields of the propeller are analyzed in detail. Model experimental tests are also conducted to evaluate the hydrodynamic performance of an L-type podded propulsor in off-design conditions using an open-water measuring instrument developed by the authors for podded propulsors. The numerical simulation results are in good agreement with the experimental values. The study findings provide a foundation for further research on L-type podded propulsors.
Materials and Methods
In this study, a numerical simulation method was used for performing simulations. A few basic theories used herein are outlined below.
Governing Equations
The motion of an incompressible Newtonian fluid satisfies the continuity equation and momentum conservation equation [16] :
∂ρ ∂t
where u i and u j are the time means of the velocity components (i, j = 1, 2, 3), p is the time mean of pressure, ρ is the fluid density, µ is the dynamic coefficient of viscosity, ρu i u j is the Reynolds stress term, the shear stress transport (SST) k-ω turbulence model is used to solve and close the control equation [17] , and S j is the generalized source term of the momentum equation.
Geometric Model and Computational Grid
The podded propulsion model used in this study is obtained through a certain reduced scale ratio and local modification of an original CO1250 pod from the ABB company. Table 1 lists the relevant propeller parameters. Figure 1 shows the inertial coordinate system used for the numerical calculations presented in this section. The x-axis points in the direction of the incoming flow and coincides with the rotation axis of the propeller. The z-axis points in the vertical upward direction, and the y-axis is determined according to the right-hand rule. Generally, oblique incoming flow can be simulated by adjusting the angle of the propeller model or changing the velocity component of the incoming flow. This study uses the latter approach because the amount of effort is reduced by establishing only one calculation model for both calculations: no oblique flow angle condition and with oblique flow angle condition. Figure 2 shows the selected computational domain. The computational domain of the model is a cylinder. The diameter of the cylinder is 7.5 times that of the diameter of the propeller; the distance between the propeller and the inlet is 5 times that of the diameter of the propeller, and the distance between the propeller and the outlet is 9 times that of the diameter of the propeller. The inlet and side of the boundary are set to Velocity Inlet; the outlet is set to Pressure Outlet. The interface between the outer and propeller domains is set to Wall (non-slip wall), and the other unspecified parts are set to a non-slip wall condition.
In this study, the overlap grid technique was used for the numerical simulation. When calculating the hydrodynamic performance of propellers, it is necessary to maintain the propeller at a certain rotational velocity within the flow area. This was implemented according to the following procedure. First, the sliding-grid method was used to encase the propeller in a small region having the same axis as the propeller. Next, an appropriate background field was established, and an interface between the border of the above small region and the background region was generated. The boundary condition for this interface was set to an overset mesh. Finally, the numerical information of an unsteady flow field on the two boundary surfaces of the interface was relayed while the small region containing the propeller rotated at the preset speed.
Details of the mesh distribution for the coarse, medium and fine discretization levels are listed in Table 2 . M stands for million. This propeller has a 35 • incline; therefore, the structured grid partition is complex and the grid quality is low. A cutting grid is used to conduct grid partitioning in the computational domain; the cutting grid is robust and effective and has good applicability to complex geometric models [18, 19] . Note that locations where the curvature is significant-such as the leading edge, trailing edge, and blade root-should be locally densified when generating the grid. Additionally, to better simulate the boundary layer, a 20-layer prism grid is generated on the unit surface of the pod. The value of the dimensionless distance y + from the first layer to the wall surface is taken as 30, and the grid partition form is as shown in Figure 3 . The value of the wall unit, y+, is the main criterion in order to properly model the turbulent boundary layer and obtain the correct pressure distribution on the propeller blade surfaces. To directly resolve the viscous sub layer, in which the value of the wall unit, y+, requires quite the number of grids in sympathy with increasing the calculation time. Therefore, we implemented a wall function based on the blended wall law to gain the significant savings in terms of near-wall mesh resolution. Table 3 presents the computed results for the thrust coefficient and torque coefficient for the three groups when the advance ratio J = 0.7. It can be observed from the table that both and 10 exhibit a relatively low sensitivity to grid density. Figure 4 shows a schematic diagram of the incoming flow at the inlet. The oblique flow angle of the y-axis velocity component pointing in the y-axis positive direction is the negative oblique flow angle. In this study, calculations and experimental tests were performed for two advance coefficients of podded propulsion, = 0.4 and 0.8, and six rudder angles for oblique navigation, ±5°, ±10°, ±15°, ±30°, ±45°, and ±60°. Table 4 lists the specific working conditions for the six calculations. Propeller rotation is achieved through sliding grid technology; coupling of pressure and velocity is solved using the SIMPLEC algorithm [20] ; rotation and static zones are connected by the interface boundary; and flow field information is transferred through interface interpolation. The propeller hydrodynamic performance for different advance coefficients is obtained by changing the velocity of the incoming flow. The time step of the numerical calculation is 2.7778 × 10 −4 s; this corresponds to the time required by the propeller to rotate by 1°. Table 3 presents the computed results for the thrust coefficient and torque coefficient for the three groups when the advance ratio J = 0.7. It can be observed from the table that both K T and 10K Q exhibit a relatively low sensitivity to grid density. Table 4 lists the specific working conditions for the six calculations. Propeller rotation is achieved through sliding grid technology; coupling of pressure and velocity is solved using the SIMPLEC algorithm [20] ; rotation and static zones are connected by the interface boundary; and flow field information is transferred through interface interpolation. The propeller hydrodynamic performance for different advance coefficients is obtained by changing the velocity of the incoming flow. The time step of the numerical calculation is 2.7778 × 10 −4 s; this corresponds to the time required by the propeller to rotate by 1 • . 
where i = x, y, and z are the three directions of the inertial coordinate system; and are the thrust and torque of the propeller, respectively; is the thrust of the pod unit; is the steering torque of the pod unit;
is the rotation speed of the propeller; and is the diameter of the propeller.
Model Experimental Test
The model experimental test was performed in the towing tank. A set of L-type podded propulsion devices was independently developed, and a series of experimental tests were conducted to evaluate the hydrodynamic performances of the podded propulsor. The propeller thrust, torque, and overall thrust of the podded propulsor unit were measured in the experiment under the condition of moving straight forward. The performance of the propeller and podded unit were compared under an oblique flow angle for two different advance coefficients of the L-type podded propulsor. The working conditions for the model test were the same as those in the numerical simulation. Figure 5 shows the L-type podded propulsor testing system and its components: 1-Dial; 2-Steering motor; 3-Force sensor; 4-Billboard; 5-Deflector; 6-Water seal plate. 
where i = x, y, and z are the three directions of the inertial coordinate system; T Pi and Q Pi are the thrust and torque of the propeller, respectively; T Ui is the thrust of the pod unit; M z is the steering torque of the pod unit; N is the rotation speed of the propeller; and D is the diameter of the propeller.
The model experimental test was performed in the towing tank. A set of L-type podded propulsion devices was independently developed, and a series of experimental tests were conducted to evaluate the hydrodynamic performances of the podded propulsor. The propeller thrust, torque, and overall thrust of the podded propulsor unit were measured in the experiment under the condition of moving straight forward. The performance of the propeller and podded unit were compared under an oblique flow angle for two different advance coefficients of the L-type podded propulsor. The working conditions for the model test were the same as those in the numerical simulation. Figure 5 shows the L-type podded propulsor testing system and its components: 1-Dial; 2-Steering motor; 3-Force sensor; 4-Billboard; 5-Deflector; 6-Water seal plate. A towing tank and podded propulsor dynamometer developed by the authors were used for the experiment, which was conducted in two parts: The first part determined the forces, and the second part evaluated the flow field characteristics. The entire test apparatus was fixed to a trailer, and with the exception of the platform, all components could rotate 360° in the horizontal plane to satisfy the requirements of different operating conditions. The propeller rotation speed was fixed, and the experiment was conducted by manipulating the forward speed of the trailer. The draft depth of the propeller shaft was maintained at 0.4 m > 1.5D, as suggested by the ITTC.
Results and Analysis
The calculation results within the range = 0.5-1.0 are compared with the experimental results obtained in the towing tank, as shown in Table 5 . The calculation results are generally consistent with the experimental results, indicating that the proposed computing method for predicting the hydrodynamic performance of L-type podded propulsion is reliable. A towing tank and podded propulsor dynamometer developed by the authors were used for the experiment, which was conducted in two parts: The first part determined the forces, and the second part evaluated the flow field characteristics. The entire test apparatus was fixed to a trailer, and with the exception of the platform, all components could rotate 360 • in the horizontal plane to satisfy the requirements of different operating conditions. The propeller rotation speed was fixed, and the experiment was conducted by manipulating the forward speed of the trailer. The draft depth of the propeller shaft was maintained at 0.4 m > 1.5D, as suggested by the ITTC.
The calculation results within the range J = 0.5-1.0 are compared with the experimental results obtained in the towing tank, as shown in Table 5 . The calculation results are generally consistent with the experimental results, indicating that the proposed computing method for predicting the hydrodynamic performance of L-type podded propulsion is reliable. Figure 6 shows the hydrodynamic force analysis of the profiles of blades 1 and 3 by taking the negative oblique flow angle as an example (y-axis velocity component points to the positive direction of the y-axis) to analyze the stress condition of a single blade during rotation more clearly. Figure 6 shows the hydrodynamic force analysis of the profiles of blades 1 and 3 by taking the negative oblique flow angle as an example (y-axis velocity component points to the positive direction of the y-axis) to analyze the stress condition of a single blade during rotation more clearly. The circumferential position of the blade for direct horizontal incoming flow is defined as = 180°, and it increases successively counterclockwise. The circumferential position of the blade for = 0° is as shown in Figure 6 . The incoming flow of the blade section mainly contains an axial velocity component and a circumferential velocity component defined as follows:
Calculation Results of Single Blade
where is the oblique flow velocity; , the velocity of the rotation angle of the propeller; , the oblique flow angle; , the circumferential position of the blade; , the axial velocity component; and , the circumferential velocity component. Irrespective of the induced velocity of the propeller, the axial incoming flow is constant, that is, the axial component velocity is homogeneously symmetrical in the upper, lower, left, and right sides of the disk area of the propeller; this has the same effect on thrust and torque in all quadrants. By contrast, the circumferential velocity is not symmetric; therefore, the propeller generates an unsteady force. The rotation circumferential velocity of the blade is fixed for the specified radius position, whereas sin cos relative to the circumferential position angle changes constantly during one rotation, leading to a constant change in the attack angle of the back profile: The circumferential position of the blade for direct horizontal incoming flow is defined as θ = 180 • , and it increases successively counterclockwise. The circumferential position of the blade for θ = 0 • is as shown in Figure 6 . The incoming flow of the blade section mainly contains an axial velocity component and a circumferential velocity component defined as follows:
where u is the oblique flow velocity; Ω, the velocity of the rotation angle of the propeller; β, the oblique flow angle; θ, the circumferential position of the blade; u axial , the axial velocity component; and ν tangential , the circumferential velocity component. Irrespective of the induced velocity of the propeller, the axial incoming flow u axial is constant, that is, the axial component velocity u axial is homogeneously symmetrical in the upper, lower, left, and right sides of the disk area of the propeller; this has the same effect on thrust and torque in all quadrants. By contrast, the circumferential velocity is not symmetric; therefore, the propeller generates an unsteady force. The rotation circumferential velocity of the blade Ωr is fixed for the specified radius position, whereas V sin θ cos θ relative to the circumferential position angle θ changes constantly during one rotation, leading to a constant change in the attack angle of the back profile:
Θ is the pitch angle of the blade section; Equation (6) shows that the attack angle of the blade section and thrust generated by the blades increase with the axial velocity component. Figures 7 and 8 show the attack angle of the blade section with pure axial flow (β = 0 • ). The attack angle of the blade section is respectively larger and smaller than that in pure axial flow for blades 1 and 3. Additionally, the analysis of the expression of the circumferential velocity component shows that the circumferential velocity varies sinusoidally; it has a maximum value at θ = 90 • and a minimum value at θ = 270 • . Equation (6) indicates that the attack angle of the blade section has a maximum value at θ = 90 • and a minimum value at θ = 270 is the pitch angle of the blade section; Equation (6) shows that the attack angle of the blade section and thrust generated by the blades increase with the axial velocity component. Figures 7 and 8 show the attack angle of the blade section with pure axial flow ( = 0°). The attack angle of the blade section is respectively larger and smaller than that in pure axial flow for blades 1 and 3. Additionally, the analysis of the expression of the circumferential velocity component shows that the circumferential velocity varies sinusoidally; it has a maximum value at = 90° and a minimum value at = 270°. Equation (6) indicates that the attack angle of the blade section has a maximum value at = 90° and a minimum value at = 270°. The analysis results indicate that the blade thrust and torque reach their maximum at = 90° and their minimum at = 270°. is the inflow velocity when the oblique flow angle is zero, that is, the inflow velocity when the pure axial flow angle is zero, and its numerical value is equal to the inflow velocity value in Table 2. is the inflow velocity, and it is the same as when the oblique flow angle is zero. Figure 9 shows the thrust and torque of a single blade during one rotation when the oblique flow angle is −10°. The figure shows that the thrust and torque reach their maximum at = 90° and their minimum at = 270°, indicating the consistency between the calculation and analysis results. The is the pitch angle of the blade section; Equation (6) shows that the attack angle of the blade section and thrust generated by the blades increase with the axial velocity component. Figures 7 and 8 show the attack angle of the blade section with pure axial flow ( = 0°). The attack angle of the blade section is respectively larger and smaller than that in pure axial flow for blades 1 and 3. Additionally, the analysis of the expression of the circumferential velocity component shows that the circumferential velocity varies sinusoidally; it has a maximum value at = 90° and a minimum value at = 270°. Equation (6) indicates that the attack angle of the blade section has a maximum value at = 90° and a minimum value at = 270°. The analysis results indicate that the blade thrust and torque reach their maximum at = 90° and their minimum at = 270°. is the inflow velocity when the oblique flow angle is zero, that is, the inflow velocity when the pure axial flow angle is zero, and its numerical value is equal to the inflow velocity value in Table 2. is the inflow velocity, and it is the same as when the oblique flow angle is zero. Figure 9 shows the thrust and torque of a single blade during one rotation when the oblique flow angle is −10°. The figure shows that the thrust and torque reach their maximum at = 90° and their minimum at = 270°, indicating the consistency between the calculation and analysis results. The peak value of blade force and moment should appear at 90 and 270 positions in the inclined flow. V 0 β=0 is the inflow velocity when the oblique flow angle is zero, that is, the inflow velocity when the pure axial flow angle is zero, and its numerical value is equal to the inflow velocity value in Table 2 . V 0 is the inflow velocity, and it is the same as V 0 β=0 when the oblique flow angle is zero. Figure 9 shows the thrust and torque of a single blade during one rotation when the oblique flow angle is −10 • . The figure shows that the thrust and torque reach their maximum at θ = 90 • and their minimum at θ = 270 • , indicating the consistency between the calculation and analysis results. The peak value of blade force and moment should appear at 90 and 270 positions in the inclined flow. The deviation between the peak position in Figure 9 and the theoretical value should be caused by the interference of the propeller, cabin and bracket. The interaction between the propeller and pod not only cause the fluctuation of the propulsor performance, but also influence the downstream flow field and pressure distribution on the pod. The deviation between the peak position in Figure 9 and the theoretical value should be caused by the interference of the propeller, cabin and bracket. The interaction between the propeller and pod not only cause the fluctuation of the propulsor performance, but also influence the downstream flow field and pressure distribution on the pod.
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Experimental Results of Propeller
The asymmetry of the incoming flow in the propeller disk area may cause a change in the propeller force and moment under oblique flow and direct navigation states. This is a key problem in the study of propeller hydrodynamic performance under an oblique flow. Figure 10 shows the relationships of propeller thrust and torque with oblique flow angle. For = 0.4 and 0.8, the trend of change in propeller load with the oblique flow angle is generally consistent and shows a symmetrical distribution when the oblique flow angle is 0°. The thrust and torque of the propeller increase with the oblique flow angle. For = 0.8, the thrust and torque with an oblique flow angle of 60° increase by 167% and 106%, respectively, compared to those with an oblique flow angle of 5°. By contrast, for = 0.4, the thrust and torque with the same angle increase by only 35% and 30%, respectively, indicating that they are more sensitive to changes in the oblique flow angle under a high advance coefficient. The propeller thrust does not change obviously when the oblique navigation angle is small ( ≤ 15°); when the oblique navigation angle is larger than 15°, the propeller thrust and torque become more sensitive to the oblique flow angle. This result is mainly due to the constant towing velocity of 0.96, 1.92 m/s over the whole flow angle range. This implies a variable axial velocity over the angle beta. Hence, the difference between J = 0.4 and 0.8 changes over the beta angle influenced by the axial velocity difference. 
The asymmetry of the incoming flow in the propeller disk area may cause a change in the propeller force and moment under oblique flow and direct navigation states. This is a key problem in the study of propeller hydrodynamic performance under an oblique flow. Figure 10 shows the relationships of propeller thrust and torque with oblique flow angle. For J = 0.4 and 0.8, the trend of change in propeller load with the oblique flow angle is generally consistent and shows a symmetrical distribution when the oblique flow angle is 0 • . The thrust and torque of the propeller increase with the oblique flow angle. For J = 0.8, the thrust and torque with an oblique flow angle of 60 • increase by 167% and 106%, respectively, compared to those with an oblique flow angle of 5 • . By contrast, for J = 0.4, the thrust and torque with the same angle increase by only 35% and 30%, respectively, indicating that they are more sensitive to changes in the oblique flow angle under a high advance coefficient. The propeller thrust does not change obviously when the oblique navigation angle is small (β ≤ 15 • ); when the oblique navigation angle is larger than 15 • , the propeller thrust and torque become more sensitive to the oblique flow angle. This result is mainly due to the constant towing velocity of 0.96, 1.92 m/s over the whole flow angle range. This implies a variable axial velocity over the angle beta. Hence, the difference between J = 0.4 and 0.8 changes over the beta angle influenced by the axial velocity difference. Figure 11 shows the propeller efficiency with changing oblique flow angle. The figure shows that the propeller efficiency follows a different trend under two different loads. The torque of the propeller relative to the viscous effect increases with the thrust of the propeller relative to the pressure effect when the load is varied from high to low. For a high advance coefficient, the speed of increase of the pressure effect is higher than that of the viscous effect, and therefore, the propeller efficiency shows an increasing trend with an increase in the oblique flow angle. However, for a low advance coefficient, the propeller efficiency curve shows minimal change. Figure 11 shows the propeller efficiency with changing oblique flow angle. The figure shows that the propeller efficiency follows a different trend under two different loads. The torque of the propeller relative to the viscous effect increases with the thrust of the propeller relative to the pressure effect when the load is varied from high to low. For a high advance coefficient, the speed of increase of the pressure effect is higher than that of the viscous effect, and therefore, the propeller efficiency shows an increasing trend with an increase in the oblique flow angle. However, for a low advance coefficient, the propeller efficiency curve shows minimal change. Figure 11 shows the propeller efficiency with changing oblique flow angle. The figure shows that the propeller efficiency follows a different trend under two different loads. The torque of the propeller relative to the viscous effect increases with the thrust of the propeller relative to the pressure effect when the load is varied from high to low. For a high advance coefficient, the speed of increase of the pressure effect is higher than that of the viscous effect, and therefore, the propeller efficiency shows an increasing trend with an increase in the oblique flow angle. However, for a low advance coefficient, the propeller efficiency curve shows minimal change. Figure 12a shows the relationship between the thrust coefficient of the pod and the angle of oblique navigation. When oblique flow angle β is smaller than 15 • , the total thrust coefficient of the pod changes slightly with an increase in the oblique flow angle and is mostly positive when advance velocity is lower. The projection of the pod bracket increases gradually with the angle of oblique navigation. The resistance increase caused by water flow impacting the lateral face of the bracket further leads to a rapid increase in resistance of the whole pod. The thrust decreases fast and then converts into resistance, resulting in a rapid decrease in the thrust coefficient of the pod. When the oblique flow angle is larger than a certain value, the thrust coefficient curve shows negative values. When parallel to the angle of oblique navigation, the total thrust value reduces as the advance coefficient increases. Figure 12b shows the relationship between the lateral force coefficient of the pod and the angle of oblique navigation. The lateral force coefficient of the pod shows that the lateral force gradually increases with the advance coefficient and the angle of the oblique navigation (positive and negative features of the curve only indicate different steering directions). When the angle of oblique navigation is small (β ≤ 15 • ), the change in lateral force is not obvious. When the angle of oblique navigation is larger than 15 • , the overall lateral force under different advance coefficients becomes apparent, but its velocity rate of change reduces with an increase in the angle.
Experimental Results of Pod
The plane steering torque of the pod has a corresponding relationship with its lateral force, as shown in Figure 12c . The trend of the two advance coefficients is also similar. In the direct navigation state, the steering torque is not zero due to the influence of the wake flow field on propeller rotation. When the rudder angle is between 0 • and 5 • right, the plane stress of the whole pod that takes the center of the bracket as the rotation axis is in equilibrium and the plane steering torque is zero. With a further increase in the rudder angle and advance coefficient, the plane steering torque of the pod increases constantly, but the rate of change gradually decreases.
J. Mar. Sci. Eng. 2019, 7, x; doi: FOR PEER REVIEW www.mdpi.com/journal/jmse oblique navigation. When oblique flow angle is smaller than 15°, the total thrust coefficient of the pod changes slightly with an increase in the oblique flow angle and is mostly positive when advance velocity is lower. The projection of the pod bracket increases gradually with the angle of oblique navigation. The resistance increase caused by water flow impacting the lateral face of the bracket further leads to a rapid increase in resistance of the whole pod. The thrust decreases fast and then converts into resistance, resulting in a rapid decrease in the thrust coefficient of the pod. When the oblique flow angle is larger than a certain value, the thrust coefficient curve shows negative values. When parallel to the angle of oblique navigation, the total thrust value reduces as the advance coefficient increases. Figure 12b shows the relationship between the lateral force coefficient of the pod and the angle of oblique navigation. The lateral force coefficient of the pod shows that the lateral force gradually increases with the advance coefficient and the angle of the oblique navigation (positive and negative features of the curve only indicate different steering directions). When the angle of oblique navigation is small ( ≤ 15°), the change in lateral force is not obvious. When the angle of oblique navigation is larger than 15°, the overall lateral force under different advance coefficients becomes apparent, but its velocity rate of change reduces with an increase in the angle.
The plane steering torque of the pod has a corresponding relationship with its lateral force, as shown in Figure 12c . The trend of the two advance coefficients is also similar. In the direct navigation state, the steering torque is not zero due to the influence of the wake flow field on propeller rotation. When the rudder angle is between 0° and 5° right, the plane stress of the whole pod that takes the center of the bracket as the rotation axis is in equilibrium and the plane steering torque is zero. With a further increase in the rudder angle and advance coefficient, the plane steering torque of the pod increases constantly, but the rate of change gradually decreases. It can be seen from the figure that the thrust coefficient of the pod first decreases and then increases when the yaw angle is about 10 degrees, that is, stall occurs at this moment. Therefore, in the design or actual navigation of the L-type pod propeller, it is necessary to find this angle through research. When turning left or right, the effect of propeller rotation on POD propeller performance should be taken into account. In actual navigation, the angle should be crossed as soon as possible. It can be seen from the figure that the thrust coefficient of the pod first decreases and then increases when the yaw angle is about 10 degrees, that is, stall occurs at this moment. Therefore, in the design or actual navigation of the L-type pod propeller, it is necessary to find this angle through research. When turning left or right, the effect of propeller rotation on POD propeller performance should be taken into account. In actual navigation, the angle should be crossed as soon as possible.
Discussion
This section compares and analyzes the pressure distribution and wake characteristics of L-type podded propulsion under different oblique flow angles and advance coefficients. When the advance coefficient is low, the pressure difference between the blade surface and the back is high; however, with an increase in the advance coefficient, the pressure difference and propeller thrust decrease. The high-pressure area of the blade surface and low-pressure area of the blade back distribute at the side near the leading edge. The pressure from the leading edge to the blade tip clearly changes with a change in the oblique flow angle. There is a higher negative pressure zone at the leading edge of the blade back when the oblique flow angle increases; this further aggravates the production of vacuoles. 
Calculation Results of Pressure Distribution
back distribute at the side near the leading edge. The pressure from the leading edge to the blade tip clearly changes with a change in the oblique flow angle. There is a higher negative pressure zone at the leading edge of the blade back when the oblique flow angle increases; this further aggravates the production of vacuoles. Additionally, the horizontal and vertical pressure distribution on the propeller blades has a different degree of asymmetry and nonuniformity. When the oblique flow angle is small, the pressure on the blade back and blade surface distributes evenly. When the oblique flow angle increases, the asymmetry of the pressure distribution becomes significant, and this asymmetry and nonuniformity enables the unsteady bearing force of the propeller to generate six pulsation components. This is the primary cause of the propeller producing an excitation force. Additionally, the horizontal and vertical pressure distribution on the propeller blades has a different degree of asymmetry and nonuniformity. When the oblique flow angle is small, the pressure on the blade back and blade surface distributes evenly. When the oblique flow angle increases, the asymmetry of the pressure distribution becomes significant, and this asymmetry and nonuniformity enables the unsteady bearing force of the propeller to generate six pulsation components. This is the primary cause of the propeller producing an excitation force. Equation (6) indicates that the blade load is the heaviest at θ = 90 • and the pressure difference between the blade back and blade surface is the largest near θ = 90 • in the corresponding pressure nephogram under negative oblique flow angles. In contrast, the blade load is the lightest at θ = 270 • and the pressure difference between the blade back and blade surface is the smallest near θ = 270 • .
The pressure distribution law can be obtained by summarizing the pressure distribution on the propeller blades, as shown in Figure 15 . When the oblique flow angle is negative and the blade runs through the first and the fourth quadrants, its load is heavier than when running through the second and third quadrants. 
Calculation Results of Wake Flow Field
The successful application of the CFD method for the numerical simulation of a ship's hydrodynamic performance enables extracting necessary flow field details from numerical results, except for the model test method. The analysis of the wake flow field of podded propulsion under oblique navigation is presented below. Figure 16 shows the velocity distribution nephogram with the blade at x = −0.163 m under two advance coefficients when the oblique flow angle is negative. The velocity magnitude in this figure adopts propeller advance velocity to become dimensionless. The velocity field after the blade shows different degrees of asymmetry and nonuniformity: Under a low advance coefficient and negative oblique flow angle, a high-velocity area surrounding the cabin appears in the negative semiaxis of the y-axis, and the range of the high-velocity area and velocity amplitude expands with an increase in the oblique flow angle. However, the high-velocity area in the negative semi-axis of the y-axis disappears with a high advance coefficient and a certain range of low-velocity area appears in the positive semi-axis of the y-axis. The distribution of the high-and low-velocity areas is closely related to the inflow of the propeller caused by the lateral velocity component of the incoming flow. 
The successful application of the CFD method for the numerical simulation of a ship's hydrodynamic performance enables extracting necessary flow field details from numerical results, except for the model test method. The analysis of the wake flow field of podded propulsion under oblique navigation is presented below. Figure 16 shows the velocity distribution nephogram with the blade at x = −0.163 m under two advance coefficients when the oblique flow angle is negative. The velocity magnitude in this figure adopts propeller advance velocity V to become dimensionless. The velocity field after the blade shows different degrees of asymmetry and nonuniformity: Under a low advance coefficient and negative oblique flow angle, a high-velocity area surrounding the cabin appears in the negative semi-axis of the y-axis, and the range of the high-velocity area and velocity amplitude expands with an increase in the oblique flow angle. However, the high-velocity area in the negative semi-axis of the y-axis disappears with a high advance coefficient and a certain range of low-velocity area appears in the positive semi-axis of the y-axis. The distribution of the high-and low-velocity areas is closely related to the inflow of the propeller caused by the lateral velocity component of the incoming flow. Figure 17 shows the vorticity distribution nephogram under two advance coefficients when the oblique flow angle is negative. It indicates that when the oblique flow angle is negative, the flowing energy is higher on the side of the negative semi-axis of the y-axis. When the oblique flow angle increases, the flowing energy also clearly increases. In addition, when the oblique flow angle is small, the vortex structure profile after the blade is relatively clear. When the oblique flow angle increases, the vortex systematic distribution after the blade becomes very disordered, because when the oblique flow angle is large, there is a strong interference effect between the venting vortexes and the cabin after the blades, resulting in a disorderly venting vortex system after the blade. Under a negative oblique angle, the tip vortexes after the blade have a trend skewing to the positive direction of the yaxis and the skew aggravates with an increase in the oblique flow angle caused by the lateral velocity components of different incoming flows. Figure 17 shows the vorticity distribution nephogram under two advance coefficients when the oblique flow angle is negative. It indicates that when the oblique flow angle is negative, the flowing energy is higher on the side of the negative semi-axis of the y-axis. When the oblique flow angle increases, the flowing energy also clearly increases. In addition, when the oblique flow angle is small, the vortex structure profile after the blade is relatively clear. When the oblique flow angle increases, the vortex systematic distribution after the blade becomes very disordered, because when the oblique flow angle is large, there is a strong interference effect between the venting vortexes and the cabin after the blades, resulting in a disorderly venting vortex system after the blade. Under a negative oblique angle, the tip vortexes after the blade have a trend skewing to the positive direction of the y-axis and the skew aggravates with an increase in the oblique flow angle caused by the lateral velocity components of different incoming flows.
The Q-crit β = −60 • erion proposed by Hunt et al. [21] can be used to identify the vortex structure. When Q > 0, there are vortexes; otherwise, there are none. The size of Q is independent of the coordinate system selected. Figure 18 shows a side view of the vortex structure of podded propulsion under a negative oblique flow angle. It clearly shows the structures of the tip vortexes of the blades and trailing vortexes of the cabin and bracket, which demonstrates that the proposed grid partition and numerical calculation method can accurately capture the vortex structure when the pod is in an oblique navigation state. From the comparison of the vortex structure of the pod for advance coefficients of J = 0.4 and 0.8, it can be seen that when the advance coefficient is large, the screw pitch between the tip vortexes of the propeller is relatively large. When the advance coefficient is small, a larger number of vortexes fall off from the surface of the blades and cabin, leading to fierce turbulence pulsation. The comparison of the vortex structure of different oblique flow angles also shows that when the angle increases, a larger number of vortexes are emitted from the surface of the cabin and blades. Additionally, it is obvious that the bracket has a rectification effect because the rotation of water flow weakens when flowing through the bracket, whereas water that does not flow through the bracket emerges along the cabin vertically. The Q-crit = −60° erion proposed by Hunt et al. [21] can be used to identify the vortex structure. When Q > 0, there are vortexes; otherwise, there are none. The size of Q is independent of the coordinate system selected. Figure 18 shows a side view of the vortex structure of podded propulsion under a negative oblique flow angle. It clearly shows the structures of the tip vortexes of the blades and trailing vortexes of the cabin and bracket, which demonstrates that the proposed grid partition and numerical calculation method can accurately capture the vortex structure when the pod is in an oblique navigation state. From the comparison of the vortex structure of the pod for advance coefficients of = 0.4 and 0.8, it can be seen that when the advance coefficient is large, the screw pitch between the tip vortexes of the propeller is relatively large. When the advance coefficient is small, a larger number of vortexes fall off from the surface of the blades and cabin, leading to fierce turbulence pulsation. The comparison of the vortex structure of different oblique flow angles also shows that when the angle increases, a larger number of vortexes are emitted from the surface of the cabin and blades. Additionally, it is obvious that the bracket has a rectification effect because the rotation of water flow weakens when flowing through the bracket, whereas water that does not flow through the bracket emerges along the cabin vertically. The Q-crit = −60° erion proposed by Hunt et al. [21] can be used to identify the vortex structure. When Q > 0, there are vortexes; otherwise, there are none. The size of Q is independent of the coordinate system selected. Figure 18 shows a side view of the vortex structure of podded propulsion under a negative oblique flow angle. It clearly shows the structures of the tip vortexes of the blades and trailing vortexes of the cabin and bracket, which demonstrates that the proposed grid partition and numerical calculation method can accurately capture the vortex structure when the pod is in an oblique navigation state. From the comparison of the vortex structure of the pod for advance coefficients of = 0.4 and 0.8, it can be seen that when the advance coefficient is large, the screw pitch between the tip vortexes of the propeller is relatively large. When the advance coefficient is small, a larger number of vortexes fall off from the surface of the blades and cabin, leading to fierce turbulence pulsation. The comparison of the vortex structure of different oblique flow angles also shows that when the angle increases, a larger number of vortexes are emitted from the surface of the cabin and blades. Additionally, it is obvious that the bracket has a rectification effect because the rotation of water flow weakens when flowing through the bracket, whereas water that does not flow through the bracket emerges along the cabin vertically. Figure 19 shows a top view of the vortex structure of podded propulsion under a negative oblique flow angle. The figure shows that the trailing vortex of podded propulsion has a trend skewing in the positive direction of the y-axis at different oblique flow angles. The trailing vortex has a trend skewing in the positive direction of the y-axis at a negative oblique flow angle, and the skew aggravates with an increase in the oblique flow angle. Furthermore, this skew is more severe after separating from the pod. As the flow runs downstream, the interference of podded propulsion on the flow field weakens gradually and the flowing direction is basically the same as the upstream incoming flow.
The water seal plate will greatly reduce the eddy current at the top of the pod struts and it has a good blocking effect on the top of the pod struts. In realistic conditions, the tip of the podded propulsor is not attached to the ship hull, and there will probably be a gap. For this reason, a tip vortex probably will exist, but with a different intensity; hence, interactions with the closer tip vortices will be different.
oblique flow angle. The figure shows that the trailing vortex of podded propulsion has a trend skewing in the positive direction of the y-axis at different oblique flow angles. The trailing vortex has a trend skewing in the positive direction of the y-axis at a negative oblique flow angle, and the skew aggravates with an increase in the oblique flow angle. Furthermore, this skew is more severe after separating from the pod. As the flow runs downstream, the interference of podded propulsion on the flow field weakens gradually and the flowing direction is basically the same as the upstream incoming flow. The water seal plate will greatly reduce the eddy current at the top of the pod struts and it has a good blocking effect on the top of the pod struts. In realistic conditions, the tip of the podded propulsor is not attached to the ship hull, and there will probably be a gap. For this reason, a tip vortex probably will exist, but with a different intensity; hence, interactions with the closer tip vortices will be different.
Conclusion
In this study, on the basis of the RANS method and a model experimental test, the unsteady hydrodynamic performance of L-type podded propulsion for 12 oblique flow angles (±5°, ±10°, ±15°, ±30°, ±45°, and ±60°) and 2 advance coefficients ( = 0.4 and 0.8) was compared and analyzed. The change in load of a single blade, propeller, and pod under different oblique flow angles and wake flow fields was analyzed in detail. The following conclusions can be drawn from this study: 
Conclusions
In this study, on the basis of the RANS method and a model experimental test, the unsteady hydrodynamic performance of L-type podded propulsion for 12 oblique flow angles (±5 • , ±10 • , ±15 • , ±30 • , ±45 • , and ±60 • ) and 2 advance coefficients (J = 0.4 and 0.8) was compared and analyzed. The change in load of a single blade, propeller, and pod under different oblique flow angles and wake flow fields was analyzed in detail. The following conclusions can be drawn from this study:
1.
The change in circumferential velocity when the propeller rotates in an oblique flow leads to a constant change in the attack angle of the blade section. Under negative flow, the blade thrust and torque are the highest at θ = 90 • and smallest at θ = 270 • .
2.
The load of the propeller under oblique flow will increase with the oblique flow angle. The increased resistance caused by water flow leads to a decrease in the podded propulsion thrust coefficient with an increase in the oblique flow angle. Under a high advance coefficient, the speed of increase of the pressure effect is higher than that of the viscous effect, and therefore, the propeller efficiency shows an increasing trend with the increase of the oblique flow angle. Under a low advance coefficient, the propeller efficiency curve changes gently. 3.
The nonuniformity of inflow results in varying degrees of asymmetry in the horizontal and vertical distributions of the propeller blade pressure, and this asymmetry is closely related to the size of the oblique flow angle and circumferential position of blades.
4.
The velocity field after the blade shows different degrees of asymmetry and nonuniformity due to the lateral velocity component of the incoming flow. When the oblique flow angle was large, relatively strong interference effects between venting vortexes and the cabin after the blades were identified, leading to a disorderly venting vortex system after the blade.
